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Available online 10 November 2013Abstract Exonuclease 1 (Exo1) has been implicated in the regulation of DNA damage responses in stem cells with
dysfunctional telomeres. However, it is unclear whether Exo1-mediated DNA maintenance pathways play a role in the
maintenance of genomic stability and the self-renewal of tissue stem cells in mice with functional telomeres. Here, we
analyzed the proliferative capacity of neural stem cells (NSCs) and hematopoietic stem cells (HSCs) from Exo1−/− mice. Our
study shows that Exo1 deficiency impairs the maintenance of genomic stability and proliferative capacity in NSCs but not HSCs.
In line with these results, we detected a decrease in proliferation and an up-regulation of p21 expression levels in
Exo1-deficient NSCs but not Exo1-deficient HSCs. Our data provide experimental evidence that Exo1 deficiency has a
differential impact on the homeostasis and proliferative capacity of tissue stem cells in the brain and bone marrow, suggesting
that different tissue stem cells utilize distinct mechanisms for maintaining their genomic stability. Our current study provides
important insight into the role of Exo1-mediated DNA maintenance pathways in the maintenance of genomic stability and the
proliferative capacity of tissue stem cells.
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Open access un  Introduction
Most multicellular organisms possess an extensive capacity
to regenerate cells and tissues throughout their lifetime.
This capacity for continual tissue regeneration is dependent
on the maintenance of reservoirs of somatic tissue stem cells
(Gazit et al., 2008; Sharpless and DePinho, 2007). Preservingder   CC BY license. 
251Exo1 is essential for genomic stability and proliferative capacity of neural stem cellsa sufficient number of tissue stem cells in this reservoir is
important both for the maintenance of tissue homeostasis
and organ integrity under normal conditions and for tissue
repair in response to stress and tissue injury.
In the adult mammalian brain, neural stem cells (NSCs)
are located in the subgranular zone (SGZ) of the dentate
gyrus of the hippocampus and in the subventricular zone
(SVZ) adjacent to the lateral ventricles. The capacity of NSCs
to self-renew is illustrated by the continuous neurogenesis and
expansion observed in multipotent cultures in vitro. Adult
olfactory precursors primarily originate from the SVZ and then
differentiate into immature neurons (Zhao et al., 2008). These
neuroblasts migrate along the rostral migratory stream (RMS)
and are incorporated into the olfactory bulb (OB);move radially
into the granular (GCL), periglomerular (GL) and external
plexiform cell layers of the OB; and finally differentiate into
local interneurons (Sui et al., 2012). Therefore, the develop-
ment of the OB could represent one of the important functions
of NSCs.
Hematopoietic stem cells (HSCs) have the ability to
replenish themselves and to differentiate into blood cells of
all hematopoietic lineages. As one of the best-characterized
somatic stem cell types of all tissue stem cells, HSCs reside in a
specialized redox niche with low levels of oxygen and limited
production of reactive oxygen species (ROS). The functions of
HSCs are tightly regulated by a series of cell-intrinsic and
cell-extrinsic factors (Song et al., 2012). Understanding the
molecular mechanisms and pathway networks that regulate
the ability of HSCs to self-renew and control their various
functions has important clinical implications (Ju et al., 2011).
The maintenance of genomic stability is crucial for the
preservation of tissue stem cells (Kenyon et al., 2012). Mice
that are deficient in the expression of various DNA damage
repair proteins exhibit a premature exhaustion of HSCs. In
addition, DNA damage accumulates in HSCs during the aging
process and chronic diseases and in response to oxidative
stress, which causes a decline in HSC function (Naka andHirao,
2011). Although the roles of many genes critically involved
in the homologous recombination and non-homologous end-
joining DNA repair pathways involved in the maintenance of
tissue stem cells have been extensively studied, little is known
about the roles of genes involved in the DNA mismatch repair
(MMR) pathway.
Exo1 is a member of the of the RAD2 family and possesses
5′-3′ nuclease and 5′-flap endonuclease activities. Exo1 is
involved in several DNA repair pathways including MMR, post-
replication repair (PRR), and meiotic and mitotic recombina-
tion (Fiorentini et al., 1997; Kirkpatrick et al., 2000; Tsubouchi
and Ogawa, 2000). Moreover, studies have indicated that Exo1
exerts many other functions in various cellular processes,
including gene conversion, class switch recombination (CSR),
somatic hypermutation (SHM), telomere processing, and
apoptosis signaling following DNA damage (Bardwell et al.,
2004; Bolderson et al., 2009; Dherin et al., 2009; Schaetzlein
et al., 2007; Tinline-Purvis et al., 2009; Tran et al., 2007;
Vallur and Maizels, 2010). Compared to wild-type (WT) mice,
Exo1-deficient (Exo1−/−) mice have shorter lifespans and are
more prone to developing lymphomas. In addition, Exo1−/−
male and female mice are sterile as a result of the dynamic
loss of chiasmata during metaphase I, which leads to meiotic
defects and the apoptosis of germ cells (Wei et al., 2003).
Furthermore, Exo1−/− mice showed a decrease in CSR andchanges in the characteristics of SHM. Therefore, Exo1 has
been considered to be the first exonuclease to be involved
in SHM and CSR (Bardwell et al., 2004). Recently research
showed that structural function and nuclease activity of
mammalian Exo1 play differential roles in distinct DNA repair
processes and tumor genesis in vivo (Schaetzlein et al., 2013).
However, the effects of Exo1 on tissue stem cell homeostasis
are largely unknown. Therefore in this study, we explore the
effects of Exo1 deficiency on the maintenance of genomic
stability and proliferative capacity in mouse NSCs and HSCs.
Our results show that Exo1 has a tissue-specific role in the
maintenance of adult stem cell homeostasis: Exo1−/− mice
exhibited a significant defect in NSCs but not in HSCs. Exo1
deficiency resulted in a decrease in NSC proliferation, which
was associated with increased expression of p21, whereas no
significant changes in HSC proliferation or p21 expression
were observed in Exo1−/− mice. Further analysis revealed
that Exo1 deficiency led to microsatellite instability in NSCs
but not in HSCs. These results suggest that different tissue
stem cells utilize distinct mechanisms for maintaining their
genomic stability and function.Materials and methods
Mice
Exo1-deficient mice were a kind gift from Professor Winfried
Edelmann (Albert Einstein College of Medicine) and were
maintained on a C57BL/6 (CD45.2) background. It was the
fully Exo1 knockout mice, neither had the structural function
nor the nuclease activity (Wei et al., 2003). Recipient mice
used in competitive transplantation assayswere either B6.SJL-
PtprcaPep3b/Boy (CD45.1) congenic mice or CD45.1/CD45.2
heterozygotes that were the first generation of C57BL/6 and
B6.SJL-PtprcaPep3b/Boy mice. All of the animal experiments
in our study were approved by the Animal Care and Ethics
Committee at Hangzhou Normal University.Flow cytometry analysis
Bone marrow cells were isolated by flushing both tibias and
femurs with sterile PBS. Cells were filtered and counted prior
to staining with antibodies. For single long-term HSC culture,
we sorted single long-term HSCs (CD150+CD48−CD34−LSK) after
immunostaining. For cell cycle analysis, bone marrow cells
were first stained with HSC surface markers and then fixed and
permeabilized with Cytofix/Cytoperm Buffer (BD Bioscience)
followed by staining with an anti-Ki67 (BD Bioscience) antibody
and DAPI. For the analysis of apoptosis, bonemarrow cells were
first stained with HSC surface markers and then stained with
Annexin V (BD Bioscience) and DAPI following the instructions
from a BD apoptosis kit. Data acquisition was performed on a
BD LSR Fortessa, and cell sorting was performed on a BD FACS
Influx. Data were analyzed using Diva6.1 software.Single-cell colony assay
Single long-term HSCs were sorted into the wells of a round-
bottom, 96-well plate at 1 cell per well. The culture and
252 J. Zhang et al.analysis of colony formation were performed as previously
described (Ema et al., 2006).
Competitive transplantation assay
4000 LSK cells from WT mice (CD45.2) or Exo1−/− mice
(CD45.2) were transplanted into lethally irradiated wild type
mice (CD45.1). The donor-derived (CD45.2) chimerisms in the
recipients' peripheral blood were examined 6 months after
transplantation. For the serial transplantation experiment,
1,000,000 bone marrow cells isolated from the primary
recipient mice were transplanted to the secondary recipient
mice. 4 month after transplantation, the percentage of donor
derived (CD45.2) peripheral blood cells was analyzed.
Neurosphere assays
For the analysis of primary neurospheres, the SVZ was
dissected, dissociated into a single-cell suspension, and plated
in growth medium (DMEM/F12 medium supplemented with
B27, EGF, and FGF-basic). After 8 days in culture, we counted
the numbers of spheres from each SVZ section. For the
analysis of NSC self-renewal, the primary spheres were gently
triturated approximately 50 times using a P200 micropipette
into single cells, and the resulting cells were seeded at 2000
cells perwell in a 96-well plate in growthmedium. After 6 days
in culture, we counted the numbers of spheres to analyze the
self-renewal ability of NSCs in vitro (Ferron et al., 2007).
Immunohistochemistry analysis
Brains from mice were perfused with 4% formalin, further
fixed for 48 h and coronally sectioned at a thickness of
6 μm. Equivalent sections were used for chromogenic
immunohistochemistry, which was performed according to
standard procedures. The antibodies used were anti-Ki67
(1:500; Abcam) anti-Sox-2 (1:200; Santa Cruz Biotechnology),
and anti-p21 (1:100; Santa Cruz Biotechnology). For our
analysis of apoptosis, tissue sections from paraffin-
embedded brains were deparaffinized and processed for
terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) according to the manufacturer's
instructions (Roche).
Quantitative real-time PCR
Freshly isolated NSCs and HSCs (CD34−LSK) were used for
RNA isolation with Trizol LS (Invitrogen). Transcription into
cDNA was performed using SuperScriptIII (Invitrogen). The
TaqMan Gene Expression Assay for p21 (Mm00432448_m1)
and TaqMan Rodent GAPDH Control Reagents (4308313) were
from Applied Biosystems. All PCRs were carried out in the ABI
PRISM 7500 Sequence Detection System (Applied Biosystems).
Microsatellite instability (MSI) analysis
NSCs and HSCs (LSK cells) were isolated from 6WT and Exo1−/−
mice andwere analyzed formicrosatellite instability. DNAwas
extracted from the cells and then diluted to approximately 1
genome equivalent per reaction. Microsatellite loci wereamplified using fluorescently labeled PCR primers (U12235,
Forward: 5′-TAGACCCAGTGCTCATCTTCGT-3′; Reverse: 5′-
AGCTGTAACACTGGAAGCCATT-3′), and the PCR products
were analyzed on a ABI3730XL DNA Analyzer (Applied
Biosystems) in accordance with the manufacturer's instruc-
tions. The mutation frequency was determined by the number
of unstable alleles divided by the total number of alleles
scored (Wei et al., 2003).
Statistical analysis
All of the data were analyzed using GraphPad Prism 5 software
with Welch's correction t-test (significantly different at
P b 0.05). MSI statistical analyses were performed according
to the Fisher's exact test.
Results
Exo1 deficiency impairs NSC maintenance and self-
renewal
To examine the effects of Exo1 deficiency on NSCs, we first
isolated SVZ NSCs from WT or Exo1−/− mice, cultured them in
vitro for 8 days, and counted the numbers of primary spheres
that were generated. NSCs from Exo1−/− mice developed
fewer primary spheres than those from WT mice, indicating
that Exo1−/−micemay have fewer NSCs (Figs. 1A–B). Next, we
compared the self-renewal abilities of WT and Exo1−/− NSCs in
vitro by dissociating the primary neurospheres into single cells
and culturing them again in vitro for 6 days. The number of
secondary neurospheres that were generated from Exo1−/−
NSCs was significantly smaller than that from WT controls,
indicating that Exo1−/− NSCs have a defect in self-renewal
(Fig. 1C). Moreover, the sizes of the secondary neurospheres
from Exo1−/− NSCs were significantly smaller than those from
WT controls, indicating that Exo1−/− NSCs also have a
significant reduction in their proliferative capacity relative
to those from WT mice (Fig. 1D).
To examine the number of NSCs in vivo, we used Sox2 as a
marker (Brazel et al., 2005) because it is highly expressed in
adult NSCs and is required for NSC self-renewal. The total
number of Sox2-positive cells per SVZ was significantly smaller
in Exo1−/− mice than in WT mice (Figs. 1E–F), indicating that
Exo1−/− mice have a reduced number of NSCs, which is
consistent with our finding that Exo1−/− NSCs formed fewer
primary neurospheres in culture. These data suggest that
Exo1 deficiency leads to an impairment in the maintenance of
NSCs and compromises their self-renewal ability.
Exo1 deficiency impairs the formation of the brain
olfactory bulb
The OB is the part of the brain that receives axonal input
from the sensory neurons in the nose. We found that the OB
of Exo1−/− mice was smaller and weighed less than that of
WT mice (Figs. 2A–B), which indicated that Exo1 deficiency
also impaired neurogenesis in the OB. Therefore, we further
examined the histology of the OB using HE staining. Compared
to WT controls, OBs from Exo1−/− mice showed narrower GCL,
GL and external plexiform cell layers (Fig. 2C). These data
Figure 1 Reduced number and self-renewal ability of NSCs from Exo1−/− mice. (A) A representative image of primary neurospheres
derived from WT or Exo1−/− NSCs (100X); (B) The bar graph shows the number of primary neurospheres formed per SVZ. Values
represent means ± SD of primary neurospheres number (n = 6); (C) A representative image of secondary neurospheres (40×); (D) The
bar graph shows the self-renewal capacity of primary neurospheres. Values represent means ± SD of primary neurospheres
self-renewal capacity (n = 8); (E) A representative image of Sox2 expression in the SVZ from WT and Exo1−/− mice; (F) The bar graph
shows the number of Sox2-positive cells per SVZ section. Values represent means ± SD of number of Sox2-positive cells (n = 5).
253Exo1 is essential for genomic stability and proliferative capacity of neural stem cellssuggest that Exo1 deficiency can also affect NSC differentia-
tion and neurogenesis in the OB.Exo1 deficiency has no effect on HSC maintenance
Many of the critical components of DNA repair or damage
responses are involved in the regulation of both NSCs and
HSCs. This led us to analyze the hematopoietic system of
Exo1−/− mice. To analyze the number and frequency of HSCs
and hematopoietic progenitor cells (HPCs), we harvested
bone marrow cells from WT and Exo1−/− mice and stained
the cells using antibodies specific to different cell surface
markers. The results showed that there were no significant
differences in the numbers and frequencies of HSCs and
HPCs between WT and Exo1−/− mice (Figs. 3A–B). To test the
functionality of HSCs, we sorted single, long-term HSCs
(CD150+CD48−CD34−LSK) into the wells of a 96-well plate (1
cell per well) in liquid medium supplemented with serum and
cytokines. We then counted the number of colonies after
14 days of culture. The data showed that neither the totalnumber of colonies nor the size of the colonies was significantly
different between Exo1−/− andWTHSCs (Fig. 3C). To verify this
observation in vivo, we performed competitive HSC transplan-
tation, which is the gold standard for analyzing the prolifera-
tive capacity of HSCs. A total of 4,000 LSK cells isolated from
WT and Exo1−/−micewere transplanted into lethally irradiated
mice in a competitive setting. 6 months after transplantation,
the percentage of donor-derived peripheral blood cells
was analyzed. The results showed that WT and Exo1−/− HSCs
had a comparable ability to produce long-term engraftment
(Fig. 3D), which reinforces the result of our in vitro single-cell
colony forming assay. Next, we performed serial transplanta-
tion experiment by transplanting 1 million bone marrow
cells isolated from the primary recipient mice to the secondary
recipient mice, and the percentages of donor derived
peripheral blood cells were analyzed 4 month after secondary
transplantation. Results showed that there was no significant
difference in the percentage of donor derived peripheral blood
cells between WT and Exo1−/− donors (Fig. 3E). Together,
these data suggest that Exo1 deficiency has no effect on the
homeostasis or proliferative capacity of HSCs.
Figure 2 Abnormal formation of the olfactory bulb (OB) in Exo1−/− mice. (A) Representative photographs of the OB from WT and
Exo1−/− mice; (B) The bar graph shows the OB weights. Values represent means ± SD of OB weights (n = 5); (C) Representative images
of hematoxylin and eosin-stained sections of the OB.
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up-regulation of p21 in NSCs but not HSCs
To explore the underlying mechanism by which NSCs and
HSCs are differentially affected by Exo1 deficiency, we
examined the numbers of NSCs and HSCs in the cell cycle by
Ki67 staining. Compared to WT mice, Exo1−/− mice showed
a significant decrease in the percentage of Ki67-positive
cells in the brain SVZ (Figs. 4A–B), indicating that Exo1
deficiency impairs NSC proliferation. In contrast, there was
no difference between WT and Exo1−/− mice in the
proliferation rates of HSCs (LSK cells) (Figs. 4C–D). Next,
we examined the rate of apoptosis using a TUNEL assay for
NSCs and Annexin V staining for HSCs. Comparable to the WT
mice, very few apoptotic cells were detected in either the
NSCs or HSCs of Exo1−/− mice (data not shown). To further
understand the molecular mechanism of the reduction in
NSC proliferation, we examined the levels of p21 expression
in NSCs and HSCs. Interestingly, an increase in p21 mRNA
expression was detected in NSCs but not in HSCs from Exo1−/−
mice compared to WT mice (Figs. 4E–F). To confirm this
observation, we performed immunohistochemisty staining on
the SVZ sections. The protein level of p21 in Exo1−/− NSC was
consistently higher than WT mice (Figs. 4G–H). p21 is the
regulator of cell cycle progression at G1 and S phase, so the
increased p21 expression may be contribute partly for the
proliferation defect in Exo1−/− mice. Moreover, recently
research showed that p21 negatively regulates Sox2 expres-
sion in NSCs, so the increased p21 expressionmay also regulate
Sox2 expression in Exo1−/− mice (Marques-Torrejon et al.,
2013). Therefore, Exo1 deficiency may suppress NSC prolifer-
ation through an up-regulation of p21 expression.Exo1 deficiency induces genomic instability in NSCs
but not in HSCs
Exo1 is a 5′-3′ exonuclease that interacts with MutS and MutL
homologs and has been implicated in the excision step of DNA
mismatch repair. Dysfunction of the mismatch repair pathway
induces genomic instability. Therefore, we measured the
frequency of unstable U12235 in NSCs and HSCs to determine
whether the differential effect of Exo1 deficiency on the
functionality of NSCs and HSCs could be attributed to an
induction of genomic instability. We analyzed the additional
fragments that are distinguishable from the size of the
predominant alleles and determined the mutation frequency
by the number of unstable alleles divided by the total number of
alleles scored. The results show that the frequency of unstable
U12235 in Exo1−/− NSCs was significantly higher than that of WT
NSCs. In contrast, WT and Exo1−/− HSCs showed a similar
microsatellite instability in U12235 (Fig. 5 and Table 1). These
data indicate that different tissue stem cells might utilize
different mechanisms to maintain their genomic integrity.Discussion
Exo1 is differentially required for the homeostasis of
NSCs and HSCs
Although many fundamental biological processes in one type
of tissue stem cell may be similarly operated in other types
of adult stem cells, tissue-specific regulation in stem cell
self-renewal and homeostasis has been proposed. Our current
study shows that Exo1 deficiency has a differential effect on
Figure 3 Normal numbers and proliferative ability of HSC in Exo1−/− mice. (A) Representative FACS plots show the percentages of
LSK (Lineage negative, C-kit positive and Sca-1 positive bone marrow cells), long-term HSC (LT, CD34- Flt3- LSK), multipotent
progenitors (MPP, CD34+, Flt3+ LSK), short-term HSC (ST, CD34+, Flt3-, LSK), LSK (Lineage negative, C-kit positive and Sca-1 negative),
common myeloid progenitors (CMP, CD16/32−CD34+LK), granulocyte–monocyte progenitor (GMP, CD16/32+CD34+LK), megakaryocyte/
erythrocyte progenitor (MEP, CD16/32−CD34−LK), and common lymphoid progenitors (CLP, IL7+Flt3+ C-kitlow and Sca-1low) in WT and
Exo1−/−mice; (B) The corresponding bar graph shows the indicated cell number per 106 total bone marrow cells in WT and Exo1−/−mice.
Values represent means ± SD of cell number (n = 8); (C) The bar graph shows colonies formed by single LT-HSC cells; small colony: a
colony consisting of less than 1000 cells; medium size colony: a colony consisting of 1000–10,000 cells; large colony: a colony consisting of
more than 10,000 cells. Values represent means ± SD of colony number (n = 8); (D) The bar graph shows the percentage of donor-derived
cells in peripheral blood 6 months after transplantation. Values represent means ± SD of percentage of donor-derived cells (n = 5);
(E) The bar graph shows the percentage of donor-derived cells in peripheral blood 4 months after secondary transplantation. Values
represent means ± SD of percentage of donor-derived cells (n = 5).
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capacity of NSCs and HSCs. Previous work has shown that the
deletion of Exo1 could reduce DNA damage signaling in mice
with dysfunctional telomeres. Exo1 deletion prolongs the
lifespan and reduces cell cycle arrest and apoptosis in the
intestinal crypts of telomere dysfunctional mice. The deletion
of Exo1 also ameliorated the induction of DNA damage
checkpoints in response to γ-irradiation and agents that
induce DNA damage (Schaetzlein et al., 2007). However, the
impact of Exo1 deletion on the brain and the hematopoietic
system is still unknown. Our data show that Exo1 deficiency
impairs the maintenance of genomic stability and the self-
renewal capacity of NSCs, because NSCs from Exo1−/− mice
showed a decrease in proliferation and an up-regulation of
p21. This was likely the result of a compromised mismatch
repair machinery that induces microsatellite and genomic
instability. However, none of these changes were found in
Exo1−/− HSCs. In addition, NSCs from Exo1−/− mice display
impaired differentiation, diminished olfactory neurogenesis,
and increased genomic instability—a phenotype thatresembles that of the aging brain in several mouse models
(Bailey et al., 2004; Enwere et al., 2004; Ferron et al., 2009).
Human genetics studies have reported an increase in EXO1
expression in tissue samples from 395 German centenarians
compared to those from 411 controls, implicating a beneficial
role for Exo1 in the maintenance of genomic stability that
confers longevity in both mice and humans (Nebel et al.,
2009). Although our current study suggests that Exo1 is
dispensable for maintaining the genomic stability and prolif-
erative capacity of HSCs, we cannot yet rule out the possibility
that Exo1 deficiency plays a role in HSCs under conditions of
advanced aging or upon DNA damage insults.The requirement for Exo1 to mediate DNA mainte-
nance pathways in stem cells is tissue specific
Adult tissue stem cells have the remarkable ability to self-
renew, proliferate, and differentiate into various functional
mature cells. This ability demands that tissue stem cells
Figure 4 Decreased proliferation in NSCs but not in HSCs from Exo1−/− mice. (A) Representative images of Ki67 staining in SVZ
sections from WT and Exo1−/− mice; (B) The bar graph shows the percentage of Ki67-positive cells per SVZ section. Values represent
means ± SD of percentage of Ki67-positive cells (n = 5); (C) Representative FACS plots show the staining of Ki67 in LSK cells from WT
and Exo1−/− mice; (D) The corresponding bar graph shows the percentages of SG2M phase in LSK cells. Values represent means ± SD of
percentage of Ki67-positive cells (n = 5);(E) The bar graph shows the relative expression of p21 in NSCs. Values represent means ± SD
of Relative times compared to WT mice (n = 4). (F) The bar graph shows the relative expression of p21 in HSCs (CD34−LSK). Values
represent means ± SD of Relative times compared to WT mice (n = 4). (G) Representative images of p21 expression in SVZ sections
fromWT and Exo1−/−mice; (H) The bar graph shows the percentage of p21 positive cells per SVZ section. Values represent means ± SD
of percentage of p21 positive cells (n = 4).
256 J. Zhang et al.maintain their genomic integrity to prevent premature
exhaustion and transformation. Tissue stem cells generally
display high levels of DNA repair capacity, which decreases
with cell differentiation (Rocha et al., 2013). Furthermore,recent studies have shown that different tissue stem cells
have varying abilities to respond to DNA damage and repair
DNA damage to maintain their genomic stability (Blanpain
et al., 2011). For example, HSCs and hair follicle basal stem
Figure 5 Exo1 deficiency induces microsatellite instability in NSCs but not in HSCs. Representative images of microsatellite
instability in NSCs and HSCs.
257Exo1 is essential for genomic stability and proliferative capacity of neural stem cellscells could limit the amount of DNA damage and apoptosis to
preserve overall tissue function (Milyavsky et al., 2010;
Sotiropoulou et al., 2010). In contrast, intestinal stem cells
are not well protected and undergo massive death following
DNA damage (Blanpain et al., 2011). Along these lines, our
data suggest that Exo1-mediated DNA maintenance path-
ways could be another tissue-specific regulation of the DNA
repair machinery in maintaining the functionality and
genomic integrity of different adult tissue stem cells.
The role of Exo1 in the repair of oxidative DNA
damage in NSCs
To avoid the toxic effects of oxidative damage from ROS








NSC WT 10 165 5.71% 0.007371
Exol−/− 22 129 14.57%
HSC(LSK) WT 13 126 9.35% 0.085742
Exol−/− 7 153 4.38%
Genomic DNA was extracted from NSCs and HSCs. Using specific
fluorescently labeled primers, MSI was analyzed for the mono-
nucleotide repeat DNA marker U12235. Fluorescent polymerase
chain reaction products were analyzed by an ABI 3730xl DNA auto-
mated sequencer (Applied Biosystems). The total size of the alleles
was scored, and additional fragments that could be distinguished
from the size of predominant alleles were considered to be unstable
alleles. The mutation frequency was determined by the number of
unstable alleles divided by the total number of alleles scored.cell pool (Wang et al., 2013), HSCs localize to a hypoxic
microenvironment that allows them to limit the rate of ROS
production via oxidative respiration (Ito et al., 2006); in
contrast, NSCs resist oxidative stress through the production
of antioxidants (Madhavan et al., 2006). Therefore, NSCs
might be more sensitive to a loss of the oxidative DNA
damage repair machinery compared to HSCs. Indeed, the
murine Nei endonuclease VIII-like 3 (Neil3)-dependent repair
of oxidative DNA damage plays a very important role in
maintaining adult neurogenesis from neural stem and progen-
itor cells (Regnell et al., 2012). In addition, a reduction in the
proliferation of neural progenitor cells and an accelerated
depletion of NSCs have been observed in aging Fanconi Anemia
mice, reinforcing the concept that NSCs are very sensitive to
defects in DNA damage repair (Sii-Felice et al., 2008a, 2008b).
In line with these findings, our data implicate that Exo1 may
be required in NSCs for the repair of oxidative DNA damage
arising from age and oxidative stress during chronic diseases.
In summary, our study is the first to demonstrate a novel
function of Exo1 in the maintenance of genomic stability and
the proliferative capacity of HSCs and NSCs, and it further
reinforces the concept that adult stem cell homeostasis and
aging is regulated in an elaborate, tissue-specific manner.
Further analysis of the DNA maintenance pathways in other
tissue stem cells could be important for the development of
precise strategies to counteract aging-associated degenera-
tive pathologies in various tissues.Author contributions
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